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(57) ABSTRACT

A microwave-assisted magnetic head provides a high-reli-
ability microwave-assisted magnetic head that reduces effec-
tive coercivity by giving microwave energy to a magnetic
recording medium in an auxiliary manner and writes a data
signal, a head gimbal assembly, and a magnetic recording and
reproducing apparatus. A microwave magnetic field generat-
ing element is arranged on a trailing shield side or a repro-
ducing head element side with respect to a main magnetic
pole that generates a recording magnetic field for writing a
data signal into a magnetic recording medium, the microwave
magnetic field generating element having a coil configuration
in which a plurality of microwave magnetic field generating
lines and a return line are formed by a continuous single line.

11 Claims, 13 Drawing Sheets

2
£
N

N

3tbs

\\\\\\
_

N

3ib12

31051

/



US 9,153,274 B2

Sheet 1 of 13

Oct. 6, 2015

U.S. Patent

Fig. 1

13

30

30a

30d

s

3ia
31b

30b

32

:

J;E slagsle

/)7 LN NN N

36 35 34 33

Track Width
Direction

. e S

37 38 39 40

A

Fig. 2



U.S. Patent Oct. 6, 2015 Sheet 2 of 13 US 9,153,274 B2
3iby |
31by —J
31bs —
31by;
31b 31b,
T G =
3ib E
31b::j Trailing Side
214 { S T T T 7T T T ) 1
1 ~——frmms LN
348y /L L L L] Leading Side
BOBJ\/ 30
53013
Fig. 3
40 39 I8 37 33 34 35 36
\ S \mJ fer)
AOONC
f
L A\ N
2% o
Fig. 4

RELATED ART



U.S. Patent Oct. 6, 2015 Sheet 3 of 13 US 9,153,274 B2

%
T
i

31h12 2h

// ANbS
e
7

31b51




U.S. Patent Oct. 6, 2015 Sheet 4 of 13 US 9,153,274 B2

ZD}
2
28

Fig. 7

31b3

| 31b61

\X\\NQ\\\\
\\\\s\\\Y

3112

=
N\
AN
N

[
7]

Fig. 8



U.S. Patent Oct. 6, 2015 Sheet 5 of 13 US 9,153,274 B2

150%

140%

130%

120%

110%

100%

MICROWAVE MAGNETIC FIELD STRENGTH RATIO

1LINE 2LINES JLINES

NUMBER OF MICROWAVE
MAGNETIC FIELD GENERATING LINES

Fig. 9



U.S. Patent Oct. 6, 2015 Sheet 6 of 13 US 9,153,274 B2

31061

QNN
N
N

"
o




US 9,153,274 B2

Sheet 7 of 13

Oct. 6, 2015

U.S. Patent

}
|
i
4
i
|
SR
YU . S

700/0 et e f s o] o e

4
]
............ SSIN SRS S
] t ]
] ] i
3 F 1
1 i i
1 1 13
t [ 3
} / ]
] ! ] P
(=
3= 3= 3 = = <
o © o= o [
(= S o < res
=

OLLYY HIDNTFHLS QNI JILINDVIN IAYMOUDIN

RATIO BETWEEN IMPEDANCE OF MICROWAVE POWER

SUPPLY SOURCE AND VALUE OF RESISTANCE
CF MICROWAVE GENERATING ELEMENT

Fig. 11



US 9,153,274 B2

Sheet 8 of 13

Oct. 6, 2015

U.S. Patent

<
1 1 [} 3 3 t 5 ~——
— - ~ B3 T 1 £3 T
i ) H i ¥ 1 §
S VNS5V AT SOOI P SO SO
£ ( 1 i H £ 3
§ L i 1 3 I R
£ [] 1 1 t F £
£ ! £ ) 3 1 3
——t L L -1 L £
| t t 1 [ 1
3 1 1 1 i 1
1 \ ! { 1 i o
T f i3 ) 3 ¥
e i t 1 E E 1
1 1 ¥ 3 H ¥ }
1 | t 1 i H 1
T e e T e et —
I 1 H 1 1 b
N r
3
b ] ¥ ¥ \W\\Q E 11
T T T ¥ - (2 T
3 1 t i) t 1
8 I I 3 £
4 ] 5 i i H
i 1 ] 1 H f i
' ! 1 I E I
¢ 1 1 T H ' :
G e B s e ST S
i I ] t ] 3
5 I 1 P ¢ i
H | s 1 3 ] 1
§ t 1 1 1 E 1
f i i [ i ' ]
] i 1 t 1 t i
[ ' i i i} I i
3 i 1 [} 1 1
1 t 3 t : 1
A S R S
i i ¥ i | t <>
= ™ T LN T T E -~
i ] - i 3
T T li.ml ) - I
t 1 5 3 i
[ S e ¢ L S r
H t 3 1 1
oS YR S HE h [
} I ) 1 ' ¥ 5
§ i i 1 i 1 H L J
I e e e L s + F o+
b 1 1 1 t 1 H i
t I 1 i € L |3 t
P 1 1 1 X . ' HE——
1 1 1 ¥ 1 ' 1 1
i I H ) t ! ¥ 1
1 H t 3 ] 1 X 2
-y 1 ——r— . L ——t 2 -l
[ 7 s 3 ] T v 1
I 1 1 1 ' t t 5
H ] 1 ’ i § I 1
1 1 1 L“ i 1 i ."
——— i e e
Y 1 B 1 t . H 1
£ 1 £ 1 b ¢ 3 i
] 1 5 1 ' I § 1
JV ' 1 5 1 H 3 ¥ 1
E i ¥ 3 f ' 13 P
H i t 1 L 1 i 1
H i i ¥ i v ¥ i
=" L3 T T ™ - T ¥
] H £ f ] ¢ + i
[ 1 1 1 H ¥ f ¥
t I 1 i i 1 1 §
E i : ¥ i 1 ¥ ]
¥ 1 ¥ H ¥ 3 1 b
1 f i 1 P t 1 H
¥ 5 3 1 i 3 1 1
s [ H 1 H ' I i
t 1 r H 1 2 13 ¥
t 1 t ' 1 i s e
UV SRS R (VU S SN A —
o o o o o o o =] o =]
S 5~ &~ 3~ & 3 & 3~ o~ B
[ R B v T = T e B e S e B )
OO QO M~ O W s 0D N e
«

OHYYH HIDNIYLS 7314 DIEANDYIN JAVAOHDIA

OFFSET ELECTRICAL LENGTH @ [°]

Fig. 12



US 9,153,274 B2

Sheet 9 of 13

Oct. 6, 2015

U.S. Patent

Vo N T
- ltr...ll_rlz1.|lllrllLlL.iw..ll.,T(lLilil
SSENVENE TS PNV SN DS S RN SN SO S—

i i3 ] T H T X + t
e — + 1 ¥ 5 =+ <+ -

] B I 1 K ] ¥ 1
i o e e e i -

3 H 1 ¥ H 1 ¥ i
b = B B TE RSP SUUNNE SUNS S SRS SR,

1 £ t t 1 1 H i
SO | L 'R L % 1 L 1 3

] + T ] ) ] ] ) i

t 3 1 1 3 1 3 3
S [N R 1 ] 1 i
[ S € Sy S T [ ¥ 5]

3 3 E ¥ 1 1 t H

1 ' T 3 t 3 1

H 1 ] H i ¥ 3 1

L L | 3 2 =L . 3.

t . 1 1 1 ¥ 3

i 1 1 1 3 L 1 $

i [} i 3 i H ¥ 1

H H ¥ H 3 ' ¥ 3

1 k] ¥ 3 13 I 13 i

! 1 J I i ] ¥ ]
S ST D S I S S S

1 3 — 1 kW L SN I
AU NV SN A WL U SR SO PN S S

T 3 5T (S T
SR SN DU & 3 i 1. - E—

] H i [N 1 ¥ 3 [}
e —— - * F o e — e s o e o o

1 5 i E 1 £ 3 ¢

+ + + -~} + E3 =

1 3 t ¥ e} i H € L

' 3 ] ] * i I3 3
T R 3 T T T T T -

1 H 1 I + / f 3

I § 1 ' 1 | S .

T T T T ] T ¥ T

I n H ] H i H $ 3

[ * 1 I 3 [ 3 H 1

1 t 1 t H ! 3 ]
SN SRR W SUR | 1 L. 3, X

I i ] 1 H i ] + i

] H 1 ] 3 1 Y H 3

1 b3 i 1 H 1 ] £ i

1 1 t ¥ H T 5 3

i H 1 i 3 1 ¥ i

1 i 1 r i 1 13 ¥ 1

1 H 1 ] b 1 H t
Rt s
TR T T R B 1 i 1 )

T IR SR U SO I TR R P
T R Sy St S SR RS S aanh 2
. H 1. Y A R S

: + ¥ 1 H | H [] ¢

¥ i e +— 3~

t 3 i 1 H 1 ] }

e S S

1 + 3 t T 1 3 4

t { 1 N 3 i ! L

T r b i A § ™ T

) t Y L i i v 4 3

{ i I 3 1 ¥ 1 ]

T - P 2 b t + 3

I 3 & { H 4 ¥ ] 3

| 1 ] 1 i 1 1 3 ¥

i H b { i t i ¥ ¥
) AL KUY SUU S NG SNSRI NONO SN S

i H \ i & ¥ ¥ ¥ ¥

i 2 H t 3 ] ¥ i ]

i 1 3 § i q 3 H i

1 t [ i T ] H i i3

! + 1 13 3 1 ¢ 3 ]

I ¥ 1 t m 1 £ W m

~
OO OO OO OO
O O M~ WO W sE OO e
Rt

[o]6 HIONTT WONML0TTE 135440

0.1

0.01

INDUCTANCE VALUE [nH]

Fig. 13



U.S. Patent

Oct. 6, 2015 Sheet 10 of 13

31b5

NS

AN
SONANNN

3th12

31051

/!

Fig. 14

US 9,153,274 B2



U.S. Patent

en

Oct. 6, 2015 Sheet 11 of 13

7
.
AR

31b5

N
"\

31ht2 2a

Fig. 16

./
P N

US 9,153,274 B2




U.S. Patent Oct. 6, 2015 Sheet 12 of 13 US 9,153,274 B2

m L/
el Z
/ /

%, ? D V) s

l i

: Fig. 17

/4
2b




U.S. Patent

Oct. 6, 2015 Sheet 13 of 13

2b

A\

7
7

3106

3105t

YN

NN

/

28

Jipi2

Fig. 19

US 9,153,274 B2



US 9,153,274 B2

1
MICROWAVE-ASSISTED MAGNETIC HEAD,
HEAD GIMBAL ASSEMBLY, AND MAGNETIC
RECORDING AND REPRODUCING DEVICE

BACKGROUND

The present invention relates to a magnetic head for mag-
netic recording, a head gimbal assembly, and a magnetic
recording and reproducing apparatus, and more specifically
to a microwave-assisted magnetic head and a line configura-
tion of a microwave magnetic field generating element.

It is desired to increase a recording density of a magnetic
recording medium device, which is a magnetic recording
device. In order to achieve a signal quality (an S/N ratio)
necessary for high-density recording, as a areal recording
density increases, it is necessary to make magnetic particles
be smaller that constitute a magnetic recording medium.
However, magnetic particles that have been made smaller
tend to lose magnetization because of thermal fluctuations. In
order to prevent this and keep a stable recording state, it is
necessary to increase magnetic anisotropy energy Ku of mag-
netic particles. For magnetic particles having uniaxial mag-
netic anisotropy, the strength of a magnetic field necessary to
make magnetization reversal is called an anisotropic mag-
netic field (Hk), which is expressed using saturation magne-
tization (Ms) and magnetic anisotropy energy (Ku) as
Hk=2Ku/Ms. Thus, in the case where a material having a high
Ku is used, Hk is increased and a higher recording magnetic
field is necessary to perform recording on a magnetic record-
ing medium. In contrast, as a areal recording density is
increased, the size of a recording head element is reduced.
Thus, the strength of a magnetic field that may be generated
decreases proportionately with the size of a recording head.
As a result, recording to be performed on the magnetic
recording medium becomes difficult.

To perform magnetization reversal of a recording film in
accordance with desired data series, a write head element of a
thin film magnetic head needs to apply an abrupt recording
magnetic field having, at maximum, an strength of the order
of'the anisotropic magnetic field (Hk) of the recording film. In
a magnetic disk drive (HDD) that has become commercially
practical using a perpendicular magnetic recording method, a
write head element using a so-called monopole is used and a
recording magnetic field is applied to a recording film in a
perpendicular direction from a surface of an air bearing sur-
face (ABS) ofthe recording head element. The strength of this
perpendicular recording magnetic field is proportional to a
saturation magnetic flux density (Bs) of'a soft magnetic mate-
rial that constitutes the monopole, and thus a material having
a saturation magnetic flux density (Bs) that is made as high as
possible has been developed and has become commercially
practical. However, as a saturation magnetic flux density (Bs),
Bs=2.4T (tesla) is practically the upper limit from a so-called
Slater-Pauling curve, and a value obtained under present cir-
cumstances is approaching the practical limit. In addition, the
thickness and width of a monopole currently used is on the
order of about 100 nm to 200 nm; however, in the case where
a recording density is increased, it is necessary to further
reduce the thickness and width. As a result, a perpendicular
magnetic field to be generated is further reduced.

In this manner, under present circumstances, it is becoming
more difficult to achieve higher density recording because of
the limit of the recording capability of a write head element.
In order to solve this technical problem, energy assisted
recording has been proposed in which, when recording is
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performed, energy is applied to a magnetic recording medium
in an auxiliary manner and a recording magnetic field
strength is reduced.

CITED REFERENCES
Non-Patent Reference 1

J.G.Zhuand X. Zhu, ‘Microwave Assisted Magnetic Record-
ing’, The Magnetic Recording Conference (TMRC) 2007
Paper B6 (2007)

Patent References

[Patent Literature 1] Japanese Patent No. 4590003
[Patent Literature 2] Japanese Unexamined Patent Applica-

tion Publication No. 2010-186522
[Patent Literature 3] Japanese Unexamined Patent Applica-

tion Publication No. 2011-086342

In microwave assisted magnetic recording, a method in
which a microwave magnetic field is supplied by a microwave
oscillator arranged at the tip of a magnetic head and a method
in which a microwave signal (power) supplied from a micro-
wave power generator that is independent of a magnetic head
is supplied to a microwave magnetic field generating line are
known. As the former, a method using a spin-torque oscillator
(spin-torque oscillator: STO) is well known (Patent Literature
1). The latter is called a externally oscillated MAMR method.
This method is a method in which, when magnetic recording
is performed, energy assistance is performed by supplying
microwave power supplied from a microwave power genera-
tor to a microwave magnetic field generating line formed near
a recording head element of a magnetic head slider and by
generating a microwave magnetic field from the microwave
magnetic field generating line (Patent Literatures 2 and 3).

In a externally oscillated microwave assisted magnetic
recording method, for a conventional microwave magnetic
field generating line, a configuration is known with which a
microwave is generated by arranging a microwave magnetic
field generating line at the tip of a head and supplying micro-
wave power (Patent Literatures 2 and 3).

[Non-Patent Literature]

[Non-Patent Literature 1]

A recording method using a microwave magnetic field as
an auxiliary energy source is called a microwave assisted
magnetic recording (Microwave Assisted Magnetic Record-
ing: MAMR). (Non-Patent Literature 1)

SUMMARY

Power supplied to a microwave magnetic field generating
element is denoted by Po [dBW], and the impedance of a
microwave power generator viewed from the microwave
magnetic field generating element by Zo [Q2]. In the case
where the microwave magnetic field generating element is an
ideal element having a value of resistance of 0 [Q2] and con-
nected to a short circuited terminal, Po and a maximum cur-
rent i that flows in the element is expressed by a relational
expression as in Math 1.

Po
1010
i=4] — %x2V2
Zo

[Math 1]
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In order to increase the strength of a generated magnetic
field with a conventional configuration, in accordance with
Ampere’s law as expressed by Math 2, it is necessary to
increase the amount of current that flows through a micro-
wave magnetic field generating line or to reduce the radius of
a microwave magnetic field generating line.

H=i2na [Math 2]

(Here, H: magnetic field strength, i: current, a: the distance
from the center of a conductor)

By increasing the amount of current that flows through a
microwave magnetic field generating line, reducing a cross-
section area of the microwave magnetic field generating line,
and reducing the distance between the magnetic field gener-
ating line and a recording medium, the strength of a micro-
wave magnetic field to be applied to the medium may be
increased. However, the amount of heat is increased by an
increase in the current that flows through the microwave
magnetic field generating line and an increase in the value of
resistance of the line. As a result, a problem arises in that the
reliability is decreased by an element whose line is broken by
heat.

The present invention has been made in light of the above-
described problems, and it is an object of the present inven-
tion to provide a microwave-assisted magnetic head that pre-
vents microwave magnetic field generating lines from being
broken, that is highly reliable, and that may efficiently
increase a microwave magnetic field strength by arranging a
plurality of microwave magnetic field generating lines of a
microwave magnetic field generating element. In addition,
another object of the present invention is to provide a head
gimbal assembly and a magnetic recording and reproducing
apparatus including such a microwave-assisted magnetic
head.

The present invention that solves the above-described
problems is a microwave-assisted magnetic head, in which a
microwave magnetic field generating element is arranged on
a trailing shield side or a reproducing head element side with
respect to a main magnetic pole main layer of a recording
head element, the microwave magnetic field generating ele-
ment having a coil configuration in which a plurality of
microwave magnetic field generating lines and a return line
are formed by a continuous single line.

In addition, the plurality of microwave magnetic field gen-
erating lines are configured such that a microwave current
flows in the same direction.

Furthermore, the plurality of microwave magnetic field
generating lines are arranged closer to an ABS side than the
return line.

In addition, a distance between the plurality of microwave
magnetic field generating lines is shorter than a distance
between the microwave magnetic field generating line and the
return line.

In addition, a cross-sectional area of at least one of the
plurality of microwave magnetic field generating lines is
smaller than a cross-sectional area of a line other than the
microwave magnetic field generating lines through which a
microwave current flows in a different direction from the
direction of a microwave current flowing through the micro-
wave magnetic field generating lines.

A frequency of a current that flows through the microwave
magnetic field generating lines is between 1 GHz and 50
GHz.

In addition, a divisional arrangement is performed in which
the microwave magnetic field generating lines and the return
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line are arranged on the trailing shield side and the reproduc-
ing head element side with respect to the main magnetic pole
main layer.

According to the present invention, furthermore, a head
gimbal assembly including the above-described microwave-
assisted magnetic head may be provided.

According to the present invention, furthermore, a mag-
netic recording and reproducing apparatus including a mag-
netic recording medium and the above-described head gimbal
assembly may be provided.

The present invention may provide a microwave-assisted
magnetic head that prevents microwave magnetic field gen-
erating lines from being broken, that is highly reliable, and
that may efficiently increase a microwave magnetic field
strength by arranging a plurality of microwave magnetic field
generating lines of a microwave magnetic field generating
element. In addition, a head gimbal assembly and a magnetic
recording and reproducing apparatus including such a micro-
wave-assisted magnetic head may be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic perspective view of a magnetic
recording and reproducing device.

FIG. 2 is a perspective view schematically illustrating the
entirety of a magnetic head slider.

FIG. 3 is a cross-sectional view of FIG. 2, taken along line
A-A.

FIG. 4 is a diagram of the configuration of a conventional
microwave magnetic field generating element, viewed from
an element forming surface of a magnetic head slider.

FIG. 5 is a cross-sectional view for describing the theory of
a conventional microwave assisted magnetic recording
method.

FIG. 6 is a cross-sectional view of'a magnetic head of a first
embodiment.

FIG. 7 is a perspective view schematically illustrating the
configuration of a microwave magnetic field generating ele-
ment, which is a main portion of the magnetic head of the first
embodiment of the present invention.

FIG. 8 is a cross-sectional view of a magnetic head of a
second embodiment.

FIG. 9 is a graph illustrating a relationship between the
ratio between microwave magnetic field intensities and the
number of microwave magnetic field generating lines.

FIG. 10 is a cross-sectional view of a magnetic head of a
third embodiment.

FIG. 11 is a graph illustrating a relationship between an
impedance ratio and the ratio between microwave magnetic
field intensities.

FIG. 12 is a graph illustrating a relationship between an
electrical length and the ratio between microwave magnetic
field intensities.

FIG. 13 is a graph illustrating a relationship between an
inductance value and an offset electrical length at 20 GHz.

FIG. 14 is a cross-sectional view of a magnetic head of a
fourth embodiment.

FIG. 15 is a cross-sectional view of a magnetic head of a
fifth embodiment.

FIG. 16 is a perspective view schematically illustrating the
configuration of a microwave magnetic field generating ele-
ment of the magnetic head of the fifth embodiment.

FIG. 17 is a cross-sectional view of a magnetic head of a
sixth embodiment.

FIG. 18 is a perspective view schematically illustrating the
configuration of a microwave magnetic field generating ele-
ment of the magnetic head of the sixth embodiment.
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FIG. 19 is a cross-sectional view of a magnetic head of a
seventh embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS
First Embodiment

FIG. 1 illustrates a schematic perspective view of a mag-
netic recording and reproducing apparatus (magnetic disk
device). A magnetic recording and reproducing apparatus 8
includes a plurality of magnetic recording medium (magnetic
disks) 10 and a plurality of head gimbal assemblies (HGAs)
12, each of which includes a magnetic head slider 13.

AnHGA 12 is constituted by a magnetic head slider 13 and
a suspension 9 that supports the magnetic head slider 13. A
magnetic recording medium 10 is rotated by a spindle motor
11 around a spindle motor rotation axis 11a. The magnetic
head slider 13 performs writing and reading of a data signal
on the magnetic recording medium 10.

The suspension 9 is fixed to a carriage 16, which is rotat-
able around a pivot bearing axis 15. The suspension 9 per-
forms, using a VCM (voice coil motor) 14, alignment of the
magnetic head slider 13 on the magnetic recording medium
10.

A microwave power generator 19 supplies microwave
power to the magnetic head slider 13 when the magnetic head
slider 13 operates for writing.

FIG. 2 is a perspective view schematically illustrating the
entirety of the magnetic head slider 13 in the present embodi-
ment. The magnetic head slider 13 includes a magnetic head
slider substrate 30, a magnetic head element 31, a protection
unit 32, and eight terminal electrodes 33, 34, 35, 36, 37, 38,
39, and 40. The magnetic head slider substrate 30 includes an
ABS (Air Bearing Surface) 30a, which has been processed so
as to obtain an appropriate flying height. The magnetic head
element 31 is provided on an element forming surface 305,
which is perpendicular to the ABS 30a. The protection layer
32 is provided on the element forming surface 305 so as to
cover the magnetic head element 31. The eight terminal elec-
trodes 33, 34, 35, 36, 37, 38, 39, and 40 are exposed from a
surface of the protection layer 32. The terminal electrodes 33,
34, 35, 36, 37, 38, 39, and 40 do not have to be at positions
illustrated in FIG. 2, and may be provided at any positions in
any arrangement on this element forming surface 305.

The magnetic head 31 includes a magnetoresistance effect
(MR) reproducing head element 31a for reading a data signal
from the magnetic recording medium 10 and a recording head
element 316 for writing a data signal into the magnetic
recording medium 10. The terminal electrodes 37 and 38 are
electrically connected to the MR reproducing head element
31a. The terminal electrodes 35 and 36 are electrically con-
nected to the recording head element 315. The terminal elec-
trodes 33 and 34 are electrically connected to a microwave
magnetic field generating line 2 (FIG. 3), which will be
described later.

An end portion of the MR reproducing head element 31a
and an end portion of the recording head element 315 are
positioned at the ABS 304 (more specifically, a magnetic head
slider end face 304 of the ABS 30a). As a result of causing
these ends of the MR reproducing head element 31a and the
recording head element 315 to face the magnetic recording
medium 10, a data signal is reproduced by receiving a signal
magnetic field and a data signal is recorded by applying a
signal magnetic field. A significantly thin coating of dia-
mond-like carbon (DLC) or the like is applied for protection
to the end of each element facing the ABS 30a and a portion
near the end of the element.
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FIG. 3 is a cross-sectional view of FIG. 2, taken along line
A-A. The MR reproducing head element 31a, the recording
head element 315, a microwave magnetic field generating
element 2, and the protection layer 32 for protecting these
elements are mainly formed on the element forming surface
304 of the magnetic head slider substrate 30, which is com-
posed of AITiC (A1203-TiC) or the like.

The MR reproducing head element 31a includes an MR
multilayer product 3141, a bottom portion shield layer 3142,
and a top portion shield layer 3143, the bottom portion shield
layer 3142 and the top portion shield layer 31a3 being
arranged at positions so as to sandwich this multilayer prod-
uct. The MR multilayer product 31al is constituted by a
current-in-plane (CIP) GMR multilayer film, a current-per-
pendicular-to-plane (CPP) GMR multilayer film, or a TMR
multilayer film, and receives a signal magnetic field from the
magnetic recording medium 10. The bottom portion shield
layer 3142 and the top portion shield layer 31a3 prevent
receiving of an effect of an external magnetic field, the exter-
nal magnetic field being noise for the MR multilayer product
31al.

The recording head element 315 has a configuration for
perpendicular magnetic recording. Specifically, the recording
head element 315 includes a main magnetic pole layer 3151,
a trailing gap layer 31562, a write coil 3153, a write coil
insulating layer 3154, an auxiliary magnetic pole layer 3155,
an auxiliary shield layer 3156, and a leading gap layer 3157,
the write coil 3153 being formed such that the write coil 3153
extends between the main magnetic pole layer 3151 and the
auxiliary magnetic pole layer 3155. The main magnetic pole
layer 3151 is a main magnetic pole of the recording head
element 315, and generates a write magnetic field from an end
portion of the main magnetic pole layer 3161 when a data
signal is written, the end portion being on the side where the
ABS 304 is provided.

The main magnetic pole layer 3151 is a guide for guiding,
to the magnetic recording medium 10 on which writing is to
be performed, magnetic flux generated by supplying a write
current to the write coil 3163 such that the magnetic flux is
converged. The main magnetic pole layer 3151 is constituted
by a main magnetic pole yoke layer 31511 and a main mag-
netic pole main layer 31512.

The auxiliary magnetic pole layer 3155 and the auxiliary
shield layer 3156 are arranged on the trailing side and the
leading side of the main magnetic pole layer 3151, respec-
tively. The trailing shield portion 31551 faces the end portion
of the main magnetic pole layer 3151 positioned on the side
where the ABS 304 is provided, via the trailing gap layer
3152.

The recording head element 315 includes the microwave
magnetic field generating element 2 on the side where the
trailing shield portion 31551 is provided with respect to the
main magnetic pole main layer 31512.

FIG. 4 is a diagram of the configuration of a conventional
microwave magnetic field generating element 2x, viewed
from the element forming surface 305 of the magnetic head
slider 13. The microwave magnetic field generating element
2x, which includes a microwave generating line having a
single line configuration and arranged near the ABS surface
of'the magnetic head slider 13, and the terminal electrodes 33
and 34 are electrically connected by wiring members 41 and
42. As aresult of supplying of a microwave drive current from
the terminal electrodes, the microwave magnetic field gener-
ating element 2x generates a microwave magnetic field and
applies the microwave magnetic field to the magnetic record-
ing medium 10, which is near thereto.



US 9,153,274 B2

7

FIG. 5 is a cross-sectional view for describing the theory of
a conventional microwave assisted magnetic recording
method. The magnetic recording medium 10 is used for per-
pendicular magnetic recording, and has a multilayer configu-
ration in which a magnetization orientation layer 105, a soft
magnetic under layer 10¢ which serves as a portion of a
magnetic flux loop circuit, an intermediate layer 104, a mag-
netic recording layer lee, and a protection layer 10f are staked
in order on a disk substrate 10a.

The magnetization orientation layer 106 gives the soft
magnetic under layer 10¢ magnetic anisotropy in the track
width direction so as to make a magnetic domain configura-
tion of the soft magnetic under layer 10c be stable and reduce
spike noise in a reproducing output waveform. The interme-
diate layer 104 plays a role of a base layer that controls the
magnetization orientation and particle diameter of the mag-
netic recording layer 10e.

A ferromagnetic resonance frequency FR of the magnetic
recording layer 10e has a unique value determined by the
shape, size, constituent elements, and the like of magnetic
particles that constitute the magnetic recording layer 10e, and
is on the order of from about 1 GHz to about 50 GHz.

A microwave magnetic field is generated around the micro-
wave magnetic field generating line by causing a microwave
drive current to flow through the microwave magnetic field
generating element 2x. Since the microwave magnetic field
generating line is near the magnetic recording medium 10, a
resonance magnetic field 80 is applied in an almost in-plane
direction of the magnetic recording medium 10 in the mag-
netic recording medium 10. This resonance magnetic field 80
is a high frequency magnetic field of a microwave band from
about 1 GHz to about 50 GHz, the microwave band including
the ferromagnetic resonance frequency FR of the magnetic
recording layer 10e of the magnetic recording medium 10 or
frequencies around the ferromagnetic resonance frequency
FR.

The coercivity of the magnetic recording layer 10e may be
efficiently reduced by superimposing the resonance magnetic
field 80 on a perpendicular recording magnetic field 81,
which is to be applied to the magnetic recording layer by the
main magnetic polelayer 3151 of the recording head element.
As a result, the strength of a write magnetic field may be
significantly reduced in a perpendicular direction necessary
for writing (in a direction that is perpendicular to or almost
perpendicular to a surface of a surface layer of the magnetic
recording layer 10e). As a result of reducing coercivity, mag-
netization reversal occurs more easily. Thus, recording may
be efficiently performed with a smaller recording magnetic
field.

FIG. 6 is a cross-sectional view of the recording head
element 315 in the magnetic head 31 of the first embodiment
of the present invention, viewed in a Track Width Direction
direction of FIG. 2. Microwave power from the microwave
power generator 19 propagates through a transmission line
provided in the suspension 9 and is supplied to microwave
magnetic field generating lines 2a, thereby generating a
microwave magnetic field. At least two microwave magnetic
field generating lines 2a are provided on the side where the
trailing shield portion 31551 is provided, with respect to the
main magnetic pole main layer 31512.

FIG. 7 is a perspective view schematically illustrating the
configuration of the microwave magnetic field generating
element 2, which is a main portion of the magnetic head 31 of
the first embodiment. The microwave magnetic field gener-
ating element 2 has a coil configuration formed by two micro-
wave magnetic field generating lines 2« that generate a micro-
wave magnetic field and a return line 256, the microwave
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magnetic field generating lines 2a and the return line 25 being
formed by a continuous single line.

In addition, microwave currents having almost the same
phase and almost the same amplitude flow through the micro-
wave magnetic field generating lines 24 in the same direction.
As aresult, by applying, to a medium, microwave magnetic
fields having the same phase from a plurality of microwave
magnetic field generating lines 2a in a superimposition man-
ner, even though the same microwave current is used, the
strength of a microwave magnetic field to be applied to the
recording medium is increased. Thus, while keeping the
amount of heat generated by a single microwave magnetic
field generating line 2a the same, the strength of a microwave
magnetic field may be increased. Consequently, while the
microwave magnetic field generating lines 2a are prevented
from being broken by heat, the strength of a microwave mag-
netic field may be increased.

The above-described microwave magnetic field generating
lines 2a are arranged near a trailing edge 3158 of the main
magnetic pole. As a result, the strength of a microwave mag-
netic field to be applied to the magnetic recording medium 10
directly under the trailing edge 31568 may be increased, the
trailing edge 3158 being at a position where a data signal is
recorded in the magnetic recording medium 10 using the
perpendicular recording magnetic field 81 generated from the
main magnetic pole main layer 31512 of the recording head
element 315.

A microwave current flows through the return line 26 in the
direction opposite to that of a microwave current that flows
through the microwave magnetic field generating lines 2a.
Thus, a microwave magnetic field is generated from the return
line 25, the microwave magnetic field having the direction
opposite to the direction of a microwave magnetic field gen-
erated by the microwave magnetic field generating lines 2a.
The microwave magnetic field generating lines 2a are
arranged on the side where the ABS 30a is provided (on the
side where the magnetic recording medium 10 is provided),
and the return line 25 is arranged at a position far from the
ABS 30q (aposition far from the magnetic recording medium
10). As a result, an effect of a magnetic field generated from
a return line and having the opposite direction may be
reduced, the magnetic field reducing a magnetic field gener-
ated from microwave magnetic field generating lines.

In addition, a distance s between the microwave magnetic
field generating lines 2a is shorter than a distance rs between
the microwave magnetic field generating line 2a closest to the
return line 25 (the upper side) and the return line 26. As a
result, the magnetic fields generated from the microwave
magnetic field generating lines 2a may be more efficiently
applied to the magnetic recording medium 10, and an effect of
a magnetic field generated from the return line 26 and having
the opposite direction may be reduced, the magnetic field
reducing the magnetic fields generated from the microwave
magnetic field generating lines 2a.

The materials of the microwave magnetic field generating
lines 2a and the return line 25 are formed of conductors such
as copper (Cu) and gold (Auw).

In addition, a sectional form of these microwave magnetic
field generating lines 2a is a square in the present embodi-
ment; however, the sectional form does not have any limita-
tions as long as a certain microwave drive current may flow
through the microwave magnetic field generating lines 2a and
microwave magnetic fields may be generated around them,
and may be determined as appropriate.

In addition, the smaller the distance s between elements,
which are the microwave magnetic field generating lines 2a,
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the better if there are no problems in terms of reliability such
as electrical insulating characteristics.

As aresult, a decrease in a microwave magnetic field to be
applied to the magnetic recording medium 10 from a micro-
wave magnetic field generating line that is positioned far from
the magnetic recording medium 10 may be reduced.

Second Embodiment

FIG. 8 is a cross-sectional view of the recording head
element 315 in the magnetic head 31 of a second embodiment
of'the present invention, viewed in the Track Width Direction
direction of FIG. 2. Three microwave magnetic field gener-
ating lines 2a are arranged so as to be perpendicular to the
ABS 30aq. The strength of a microwave magnetic field may
further be increased by arranging three microwave magnetic
field generating lines 2a.

FIG. 9 illustrates the ratio of, directly under the trailing
edge, the strength of microwave generation magnetic fields of
the first and second embodiments to the strength of a micro-
wave generation magnetic field of a conventional example
(one microwave magnetic field generating line). Compari-
sons between the strength are made using the same micro-
wave drive current value. When the microwave magnetic field
generating element 2 is configured as in the first embodiment
(two microwave magnetic field generating lines) and as in the
second embodiment (three microwave magnetic field gener-
ating lines), it is clear that the strength of a microwave mag-
netic field is increased by approximately 25% in the first
embodiment and by approximately 44% in the second
embodiment with respect to the conventional example.

Third Embodiment

FIG. 10 is a cross-sectional view of the recording head
element 315 in the magnetic head 31 of a third embodiment of
the present invention, viewed in the Track Width Direction
direction of FIG. 2. Three microwave magnetic field gener-
ating lines 2a are arranged so as not to be perpendicular to the
ABS 30q but to be in a triangular form. In the third embodi-
ment, the microwave magnetic field generating line 2a far-
thest from the magnetic recording medium 10 in the second
embodiment may be made closer to the magnetic recording
medium 10. In addition, in the third embodiment, a micro-
wave magnetic field strength may be increased than that in the
first embodiment.

However, compared with a conventional example, in the
first to third embodiments, the greater the number of the
magnetic field generating lines 2a and 25, the longer the
length of the entire line of the microwave magnetic field
generating element 2, thereby increasing the value of resis-
tance of the element. When power to be supplied to the
microwave magnetic field generating element 2 is the same,
an increased value of resistance causes the value of a current
that flows through the microwave magnetic field generating
lines 2a to decrease and the strength of a generated micro-
wave magnetic field to decrease.

FIG. 11 illustrates, in the case where power to be supplied
to the microwave magnetic field generating element 2 is con-
stant, a relationship between a certain ratio and the ratio
between microwave magnetic fields, the certain ratio being a
ratio between the value of resistance of the microwave mag-
netic field generating line 2 and the impedance of the micro-
wave power generator 19 viewed from the microwave mag-
netic field generating element 2 (the value of resistance of the
microwave magnetic field generating element/the impedance
obtained on a microwave power generator side). When the
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impedance ratio is O (the value of resistance of the microwave
magnetic field generating element 2 is 0), the microwave
magnetic field strength is highest. When the microwave mag-
netic field strength in this case is set to 100%, the horizontal
axis represents the impedance ratio and the vertical axis rep-
resents the ratio between the microwave magnetic field
strength.

Since the rate of rise of the microwave magnetic field
strength is approximately 25% in the first embodiment, the
impedance ratio that does not cancel this rate of rise is
approximately 0.3 or lower.

In the case where power to be supplied to the microwave
magnetic field generating element 2 is the same as that in the
conventional example, when the impedance ratio is 0.3 or
lower, the microwave magnetic field strength increases with
the configuration in the first embodiment, compared with the
conventional example.

As an example, when the impedance of the microwave
power generator 19 viewed from the microwave magnetic
field generating element 2 is 50€2 and the value of resistance
of the microwave magnetic field generating element 2 is 5€2,
the impedance ratio is 0.1. Compared with the case where the
value ofresistance is 0, a magnetic field becomes 90% thereof
and the microwave magnetic field strength is reduced by 10%.
However, the rate of rise of the microwave magnetic field
strength is 25% in the first embodiment and, on balance, the
generation magnetic field strength is increased by 15%. Since
the value of resistance of the conventional example (a micro-
wave magnetic field generating element having a single-line
configuration) is actually not 0, the rate of rise of the magnetic
field strength becomes higher in the present embodiment.
However, here, in order to facilitate understanding of effects,
comparisons are made with a value of resistance of 0 in an
ideal state.

Likewise, since the rate of rise of the microwave magnetic
field strength is approximately 44% in the second embodi-
ment, the impedance ratio that does not cancel this rate of rise
is approximately 0.8 or lower.

In addition, compared with the conventional example, in
the first to third embodiments, since the length of the entirety
of'the microwave magnetic field generating lines is increased,
the value of resistance and also the inductance value of the
element are increased. An offset electrical length is generated
due to an inductance that a microwave magnetic field gener-
ating element has. The longer the offset electrical length, the
lower the microwave magnetic field strength. FIG. 12 illus-
trates an electrical length and a ratio between microwave
magnetic field strength in the case where power to be supplied
to the microwave magnetic field generating element 2 is con-
stant. When the electrical length is 0, the microwave magnetic
field strength is highest and the value here is set to 100%.

Since the rate of rise of the microwave magnetic field
strength is approximately 25% in the first embodiment, the
offset electrical length that does not cancel this rate of rise is
approximately 20° or smaller.

Likewise, since the rate of rise of the microwave magnetic
field strength is approximately 44% in the second embodi-
ment, the offset electrical length that does not cancel this rate
ofrise is approximately 28° or smaller.

FIG. 13 illustrates, as an example, a graph into which a
relationship between the inductance value and the offset elec-
trical length obtained at 20 GHz is converted. For example, in
order to realize that the offset electrical length is 20° or
smaller, it is desirable that the inductance value of a micro-
wave magnetic field generating line be approximately 0.15
[nH] or lower.
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In reality, a decrease in the microwave magnetic field
strength caused by the above-described resistor and a
decrease in the microwave magnetic field strength caused by
the offset electrical length affect in a synergistic manner, and
the lower the impedance ratio, the greater the power to be
consumed by a microwave magnetic field generating line,
thereby increasing the amount of generated heat. Thus, it is
desirable that design be made such that the ratio between
microwave magnetic field strength does not sink below 90%
under each condition. Thus, a more desirable impedance ratio
is 0.1 or lower and it is more desirable that the offset electrical
length satisfy 10° or smaller.

Fourth Embodiment

FIG. 14 illustrates a cross-sectional view of the recording
head element 315 in the magnetic head 31 of a fourth embodi-
ment, viewed in the Track Width Direction direction of FIG.
2. A cross-sectional area of the return line 25 is greater than
that of the microwave magnetic field generating lines 2a. By
increasing the cross-sectional area of the return line 25, there
is an effect of reducing the value of resistance and the value of
inductance of the entirety of the element and an effect of
reducing the amount of generated heat of the return line 25.
Furthermore, even when the area of the return line 25 is
increased, the microwave magnetic field strength is not
affected.

Fifth Embodiment

FIG. 15 is a cross-sectional view of the recording head
element 315 in the magnetic head 31 of a fifth embodiment,
viewed in the Track Width Direction direction of FIG. 2. In
the case where the cross-sectional area of the return line 25 is
increased as in the fourth embodiment or in the case where the
microwave magnetic field generating lines 2a and the return
line 24 are arranged so as to be perpendicular to the ABS 30a
as in the second embodiment, there may be the case where a
sufficient area of the return line 25 may not be obtained or the
microwave magnetic field generating lines 2a and the return
line 26 may not be arranged in a perpendicular manner since
members such as the main magnetic pole yoke layer 31511
and the like in FIG. 3 are arranged in the neighborhood. In that
case, as in the fifth embodiment, a divisional arrangement
may be performed in which the return line 25 is arranged on
the leading side and the microwave magnetic field generating
lines 2a and the return line 25 are arranged on the side where
the trailing shield portion 31551 is provided and on the side
where the reproducing head element 31a is provided with
respect to the main magnetic pole main layer 31612. FIG. 16
is a perspective view schematically illustrating the configu-
ration of the microwave magnetic field generating element 2,
which is a main portion of the magnetic head of the fifth
embodiment.

Sixth Embodiment

FIG. 17 is a cross-sectional view of the recording head
element 315 in the magnetic head 31 of a sixth embodiment,
viewed in the Track Width Direction direction of FIG. 2. In
the case where the cross-sectional area of the return line 25 is
increased as in the fourth embodiment or in the case where the
microwave magnetic field generating lines 2a and the return
line 24 are arranged so as to be perpendicular to the ABS 30a
as in the second embodiment, there may be the case where a
sufficient area of the return line 25 may not be obtained or the
microwave magnetic field generating lines 2a and the return
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line 26 may not be arranged in a perpendicular manner since
members such as the main magnetic pole yoke layer 31511
and the like in FIG. 3 are arranged in the neighborhood. In that
case, as in the sixth embodiment, a divisional arrangement
may be performed in which the return line 256 and one of the
microwave magnetic field generating lines 2a are arranged on
the leading side, and one of the microwave magnetic field
generating lines 2a and the one of the microwave magnetic
field generating lines 24 and the return line 25 are arranged on
the side where the trailing shield portion 31651 is provided
and on the side where the reproducing head element 31a is
provided with respect to the main magnetic pole main layer
315612. FIG. 18 is a perspective view schematically illustrat-
ing the configuration of the microwave magnetic field gener-
ating element 2, which is a main portion of the magnetic head
of the fifth embodiment.

Seventh Embodiment

FIG. 19 is a cross-sectional view of the recording head
element 315 in the magnetic head 31 of a seventh embodi-
ment, viewed in the Track Width Direction direction of FIG.
2. In the case where the cross-sectional area of the return line
2b is increased as in the fourth embodiment or in the case
where the microwave magnetic field generating lines 2a and
the return line 25 are arranged so as to be perpendicular to the
ABS 30a as in the second embodiment, there may be the case
where a sufficient area of the return line 25 may not be
obtained or the microwave magnetic field generating lines 2a
and the return line 25 may not be arranged in a perpendicular
manner since members such as the main magnetic pole yoke
layer 31511 and the like in FIG. 3 are arranged in the neigh-
borhood. In that case, as in the seventh embodiment, the
microwave magnetic field generating lines 2a and the return
line 25 (all the lines) may be arranged on the leading side.

The present invention is applicable to a thin film magnetic
head to be used in a microwave assisted magnetic recording
technology in which a data signal is written into a magnetic
recording medium by superimposing microwaves, and fur-
thermore applicable to a magnetic recording and reproducing
apparatus that uses a microwave assisted magnetic recording
technology.

REFERENCE SIGNS LIST

2 . . . microwave magnetic field generating element, 2a . . .
microwave magnetic field generating line, 25 . . . return line,

8 . . . magnetic recording and reproducing device, 9 . . .
suspension, 10 . . . magnetic recording medium, 10a . . . disk
substrate, 105 . . . magnetic orientation layer, 10c . . . soft

magnetic backing layer, 104 . . . intermediate layer, 10e . . .
magnetic recording layer, 10f. . . protection layer, 11 . . .
spindle motor, 11a . . . rotation axis, 12 . . . head gimbal
assembly (HGA), 13 . . . magnetic head slider, 14 . . . VCM
(voice coil motor), 15 . . . pivot bearing axis, 16 . . . carriage,
19 . . . microwave power generator, 30 . . . magnetic head
slider substrate, 30a . . . ABS (Air Bearing Surface), 305 . . .
perpendicular element forming surface, 304 . . . magnetic
head slider end face, 31 . . . magnetic head, 31a . . . reproduc-
ing head element, 3141 . . . MR multilayer product, 31a2 . . .
bottom portion shield layer, 31a3 . . . top portion shield layer,
3154 . .. recording head element, 3151 . . . main magnetic pole
layer, 31511 . . . main magnetic pole yoke layer, 31512 . . .
main magnetic pole main layer, 3152 . . . trailing gap layer,
31563 . . . write coil, 3154 . . . write coil insulating layer,
3145 . . . auxiliary magnetic pole layer, 31651 . . . trailing
shield portion, 3166 . . . auxiliary shield layer, 3157 . . .
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leading gap layer, 31568 . . . trailing edge, 32 . . . protection
unit, 33, 34, 35,36, 37, 38, 39, and 40 . . . terminal electrode,
41 and42 ... wiring member, 80 . . . resonance magnetic field

What is claimed is:

1. A microwave-assisted magnetic head, comprising:

a recording head element having a main magnetic pole

main layer and a trailing shield,

a reproducing head element, and

a microwave magnetic field generating element,

wherein the microwave magnetic field generating element

has a coil configuration in which a plurality of micro-
wave magnetic field generating lines and a return line are
formed by a continuous single line,
at least one of the plurality of microwave magnetic field
generating lines is arranged on a trailing shield side or a
reproducing head element side with respect to the main
magnetic pole main layer of the recording head element,

the return line is arranged on the trailing shield side or the
reproducing head element side with respect to the main
magnetic pole main layer,

wherein the plurality of microwave magnetic field gener-

ating lines are configured such that a microwave current
that flows through the plurality of microwave magnetic
field generating lines is in the same direction with
respect to the microwave-assisted magnetic head,

the return line is configured such that the microwave cur-

rent flows through the return line in a direction that is
opposite to the direction in which the microwave current
flows through the plurality of microwave magnetic field
generating lines,

the plurality of microwave magnetic field generating lines

are arranged so as to be separated from each other in a
direction perpendicular to a direction in which the
microwave current flows through therein, and

the plurality of microwave magnetic field generating lines

are arranged so as to be separated from each other in a
direction away from an air bearing surface of the micro-
wave-assisted magnetic head.

2. The microwave-assisted magnetic head according to
claim 1, wherein the plurality of microwave magnetic field
generating lines are arranged closer to an ABS side than the
return line.

10

15

20

25

30

35

40

14

3. The microwave-assisted magnetic head according to
claim 1, wherein a distance between the plurality of micro-
wave magnetic field generating lines is shorter than a distance
between the microwave magnetic field generating lines and
the return line.

4. The microwave-assisted magnetic head according to
claim 1, wherein a cross-sectional area of at least one of the
plurality of microwave magnetic field generating lines is
smaller than a cross-sectional area of a line other than the
microwave magnetic field generating lines through which a
microwave current flows in a different direction from the
direction of a microwave current flowing through the micro-
wave magnetic field generating lines.

5. The microwave-assisted magnetic head according to
claim 1, wherein a frequency of a current that flows through
the microwave magnetic field generating lines is between 1
GHz and 50 GHz.

6. The microwave-assisted magnetic head according to
claim 1, wherein a divisional arrangement is performed in
which the microwave magnetic field generating lines and the
return line are arranged on the trailing shield side and the
reproducing head element side with respect to the main mag-
netic pole main layer.

7. The microwave-assisted magnetic head according to
claim 1, wherein

the return line includes a plurality of return lines, and

the number of the plurality of microwave magnetic field

generating lines is more than the number of the return
lines.

8. The microwave-assisted magnetic head according to
claim 1, wherein the microwave current flows through the
plurality of microwave magnetic field generating lines in a
track width direction.

9. The microwave-assisted magnetic head according to
claim 1, wherein a cross-sectional area of the return line is
greater than that of the microwave magnetic field generating
lines.

10. A head gimbal assembly, comprising: the microwave-
assisted magnetic head according to claim 1.

11. A magnetic recording and reproducing apparatus, com-
prising: a magnetic recording medium; and the head gimbal
assembly according to claim 10.
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